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We present an interpretation of the time variability of the X-ray flux recently reported from a
multi-epoch campaign of 15 years observations of the supernova remnant Cassiopeia A by Chandra.
We show for the first time quantitatively that the [4.2 − 6] keV non-thermal flux increase up to
50% traces the growth of the magnetic field due to vortical amplification mechanism at a reflection
inward shock colliding with inner overdensities. The fast synchrotron cooling as compared with
shock-acceleration time scale qualitatively supports the flux decrease.
PACS numbers: Valid PACS appear here
Time variability of X-ray flux of supernova remnants
enables to probe magnetohydrodynamic dynamo pro-
cesses and particle acceleration at collisionless shocks [1].
Laboratory astrophysics experiments have identified a
dynamo mechanism amplifying magnetic fields at shock
waves [2]; however, direct astrophysical observations have
been lacking.
A year-scale time variability in the X-ray filaments, or
knots, of the supernova remnant Cassiopeia A was asso-
ciated [3] with a fast synchrotron cooling in strong mag-
netic field; a decline of the X-ray flux between 2000 and
2010 was observed with Chandra in the entire remnant’s
western limb [4]. Recent high spatial resolution multi-
epoch observations of Cassiopeia A have shown unprece-
dented evidence of an increase followed by a decrease of
X-ray flux ([4.2 − 6] keV band) up to 50% in six dis-
tinct regions approximately 10” × 10” or 15” × 15” in
size located on the west side and toward the center of
the remnant [5]; such observations cover a time period
of 15 years (from 2000 to 2014). The location of those
regions is consistent with a high speed shock observed to
move inward. Due to the young age of the remnant, such
a shock is unlikely to correspond to the reverse shock,
that would move outward at such evolution stage, and
plausibly originated as a reflection from the collision of
the forward shock with an interstellar medium molecular
cloud; such a scenario was modelled in an earlier work [6].
As a result of such reflection, the inward shock surface
is likely to be corrugated to the scale of the molecular
cloud.
In this paper we show for the first time that the over-
density clumps within the expanding plasma of Cas-
siopeia A, once crossed by the reflection inward shock,
lead to the [4.2− 6] keV flux increase via magnetic field
amplification through vorticity generation, as calculated
in Fraschetti [7]. Such a process was first identified via
two-dimensional magnetohydrodynamic (MHD) numeri-
cal simulations in Giacalone and Jokipii [8] and also in-
vestigated by several teams, including Inoue et al. [9].
Figure 1 depicts a cartoon illustration of the scenario
envisaged: the corrugated inward shock travels through
the shocked layer, i.e. the hot plasma region between
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FIG. 1. Cartoon illustration of the proposed scenario: the in-
ward shock recedes into the shocked layer and crosses outward
overdensity clumps thereby generating vorticity and magnetic
field enhancement in the downstream fluid. The arrows indi-
cate the direction of the shocks motion in the observer frame.
the forward and reverse shock, and therein collides with
density clumps thereby generating vorticity and ampli-
fying the magnetic field in the downstream fluid. The
non-linear field amplification is accounted for analyti-
cally within the MHD approximation [7]. The clumps
might have originated in the supernova explosion itself
(see, e.g., 3D simulation in Mu¨ller et al. [10]) or from
Rayleigh-Taylor instabilities triggered within the shocked
layer as numerically determined in Refs. [11–13]. For the
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2six regions within Cassiopeia A the speeds of the inward
shocks, if propagating into the shocked layer rest frame
(Fig. 1), are inferred [5] to be in the range 5, 100−6, 800
km/s.
The time evolution of the turbulent amplified mag-
netic strength B is determined analytically. The induc-
tion equation for B is coupled with fluid equations to de-
termine the MHD jump conditions at two-dimensional,
i.e., corrugated, shock fronts; the vorticity generated be-
hind the shock is related to B via the small-scale dynamo
process [14] leading to (from Fraschetti [7], Eq. 7 therein)(
B
B0
)2
(t) =
e2t/τ
1− ατ(1− e2t/τ )v2A/2
, (1)
where B0 is the upstream seed magnetic strength and
τ =
r
r − 1
1
Cr
Rc`F
Rc + `F
(2)
is the growth time-scale determined by the shock com-
pression r, the curvature radius of the ripples on the for-
ward shock surface Rc that is expected to be comparable
with the size of the overdensity clumps, the thickness
of the outer clump layer where the density gradient is
non-vanishing `F (corresponding to the Field length in
the ISM) and the shock speed in the upstream frame
Cr; α ∼ 1/RcCr describes the field back-reaction to the
whirling of the fluid and vA is the seed field Alfve´n speed.
As calculated in detail in [7], the B-amplification occurs
within the outer layer of thickness `F .
In this letter, we consider the region W3 only, accord-
ing to the labelling in [5], that, along with the region
W1, is least affected by thermal contamination, thereby
allowing a better determination of the non-thermal flux.
The flux increase in the other regions (C1, C2, W1, W2,
W4) moving at speeds [5] different from W3 is arguably
produced by the vortical amplification as well, with pos-
sibly different local best-fit values of `F and Rc to be
determined in a forthcoming work.
It is reasonable to assume that the non-thermal emis-
sion arises from synchrotron radiation of a population
of energetic electrons in a strong and time-varying mag-
netic field B(t). For simplicity, we assume that over
a sufficiently small interval of electron Lorentz factor
γ = E/mec
2 (where mec
2 is the electron rest energy),
the differential energy distribution of the energetic elec-
trons can be approximated with a simple power-law:
dN/dγ = N0(γ/γ0)
−p, where γ0 is the injection electron
Lorentz factor and the index p is determined by the shock
compression only, as predicted by the linear test-particle
version of the diffusive shock acceleration model. It has
been shown recently [15] that the baseline spectrum of
the Crab nebula between radio and multi-TeV can result
from a single log-parabola electron distribution, instead
of commonly used multiple power-laws. However, within
the narrow photon energy range considered here ([4.2−6]
keV), the emission spectrum from a log-parabola does not
significantly depart from a power-law; thus, we choose
the latter as an acceptable approximation.
Flux increase - The synchrotron power emitted by a
single electron, averaged over an isotropic electron dis-
tribution, is given in the local plasma frame by P (γ) =
(σT c/6pi)γ
2B2, where σT is the Thomson cross-section
and c speed of light in vacuum. The total synchrotron
flux at Earth from a source at distance d, namely νFν , is
found by folding Psyn with the differential energy dis-
tribution of the electrons: νFν =
1
4pid2
∫
dγPsynN(γ).
We use the monochromatic approximation, i.e., the elec-
tron power is concentrated around the characteristic syn-
chrotron energy s = 0.29(3ehγ
2B)/(4pimec), where e
is the electron charge and h is the Planck constant.
Thus, the total flux observed at Earth, i.e., νFν '
1
4pid2
∫
dγP (γ)N(γ)|=s , can be recast as
νFν(, t) =
1
4pid2
σT c
12pi
N0
A γ
p
0
− p−32 B(t)2+
p−3
2 (3)
where A = [0.29(3eh)/(4pimec)]− p−32 is a constant.
We reproduce in Fig. 2, upper panel, the observed
flux change in the range [4.2− 6] keV compared with the
theoretical prediction (from Eq. 3) for  = 5 keV, d = 3.4
kpc and for distinct values of Rc. We emphasize that Cr,
B,  and r (hence p) are inferred from observations[5],
and are not tuned here for data-fitting purpose. The
model of the flux increase depends only on two fitting
parameters, Rc and `F . The best-fit values for the time-
interval [2000 : 2009] are
Rc = (1.00±0.16)×1018cm, `F = (7.03±0.76)×1017cm
(4)
The error bars on Rc and `F are likely dominated by the
uncertainty on the exponential rise. In addition, the 2009
data-point belongs to the incipient decrease phase of the
flux, hence is not accounted for by our analytic model.
Figure 2, lower panel, depicts the amplification of the
magnetic strength during the same time interval and for
the same parameters as the upper panel. We show that
the growth ofB extends beyond the flux maximum. How-
ever, this does not need to be the case and the growth of
B might be hampered in the deep downstream medium.
We do not consider in this short letter such a possibility.
The Chandra observations of the X-ray flux increase
[5] are consistent with a scenario of an inward shock trav-
elling into a hot plasma with electron temperature ∼ 2
keV(see also [16]), in equilibrium with ions: low ion tem-
perature is favoured by the narrow lines in some bright
knots within the remnant [17], despite not having been
measured directly at the inward shock yet. For the W3
inward shock Cr = 6, 500 km/s in the shocked layer
frame, as derived [5] (table 3) from the proper motion
speed 3, 540 ± 440 km/s added to an expansion velocity
∼ 3, 000 km/s. Thus, for a mono-atomic gas, r ∼ 3.8
leading to p = 2.07.
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FIG. 2. Upper panel: Theoretical synchrotron flux at  = 5
keV as a function of time for distinct values of Rc compared
with Chandra [4.2 − 6] keV observations; here `F = 7.03 ×
1017 cm. The best fit is represented by the solid line. Lower
panel: Time-evolution of relative magnetic strength during
the turbulent amplification for the three cases shown above.
The best-fit values in Eq. 4 are compatible with pre-
viously reported observations. The linear size of the W3
box (∼ 10”), capturing only the X-ray bright fraction of
the extent of the inward shock where B-field is ampli-
fied (`F ), corresponds to ∼ 5 × 1017 cm at distance d.
Such size is in good agreement with the best-fit `F and
is consistently smaller than the best-fit Rc (Eq. 4). For
the ISM, `F is not strongly constrained by thermal equi-
librium models [18]. However, our best-fit `F is consis-
tent with expectations from thermal conduction models
in multi-phase media, (see Ref [19], Eq. 5.1 and section
V, b) therein).
We note that Chandra observations set an upper limit
of the seed field B0 since the year 2000: in other words
the amplification, and the consequent flux increase, is
likely to be have begun prior to 2000 by the same mecha-
nism from a smaller B0, although high-resolution obser-
vations of previous epochs are not available. Our best-fit
yields a growth time-scale (Eq. 2) τ∗ ' 29 yr, whereas
the Chandra observations captured only ∼ 9 years of the
flux increase (from 2000 to 2009). We note that τ∗ is ap-
preciably longer than the time scale variation of X-ray
brightness in extreme cases previously reported, e.g., RX
J1713.7 − 3946 from Uchiyama et al. [20] or in cases of
very high Mach number shocks [7].
Flux decrease - As an approximate marker of the
νF
[4.2−6] keV
ν peak, occurring in ∼ 2009 for W3, we can
use the ratio of the synchrotron cooling time scale, tcool,
to the acceleration time-scale, tacc. By using a refer-
ence value for Cassiopeia A, B0.1 = 5, where B0.1 =
B/0.1 mG., Sato et al. [5] find tcool ' 4 years for the re-
gion W3. For an electron of Lorentz factor γ emitting
synchrotron power P (γ) at a typical photon energy  in
an ambient downstream magnetic field B we have
tcool(t) ' (55 yr) −1/2keV B0.1(t)−3/2 , (5)
where keV = /1keV and B0.1(t) = B(t)/0.1 mG. Equa-
tion 5 is equivalent to Eq. 5 in Ref [[5]], where B is taken
as constant, with keV = 1.9 × 10−3(ETeV )2B0.1 (ETeV
being the electron energy in TeV and the typical value of
ETeV is consistent with the value of γ0 chosen here).
At keV = 5, the value tcool = 4 yrs yields at a time
t? = 2009 the field B0.1(t
?) ' 3.4, in the expected range
for Cassiopeia A, as discussed in Ref. [3]. The best-fit
B-field (solid line in the lower panel in Fig. 2) shows a
ratio B(t?)/B0 ' 1.35 that leads to B0(0.1) = 2.5, with
B0(0.1) = B0/0.1 mG. Such a relatively high B0 confirms
that an amplification in W3 likely took place at the in-
ward shock prior to year 2000, possibly via vorticity gen-
eration within the shocked layer due to the corrugation
of the inward shock or an alternative mechanism.
The acceleration time-scale tacc can be approximated
by[21]
tacc ' 1.83 3r
2
r − 1
D0
C2r
= (43.7yr)
3r2
r − 1 k0 
1/2
keVB
′−3/2
0.1 C
−2
r,3
(6)
where, for an isotropic upstream turbulence, D0 is the
diffusion coefficient at the electron cut-off energy and
is along the average direction of shock motion and k0,
assumed [21] to be equal upstream and downstream, is
given by k0 = D0/DB , where DB is the Bohm diffusion
coefficient at that energy. The departure from unity of
k0, both k0 > 1 (k0 < 1) for shocks close to quasi-parallel
(or quasi-perpendicular) topology within the acceleration
region, indicates that the turbulence is not dominant over
the seed field [22]. Finally, the upstream field, constant in
time as the amplification occurs downstream in the model
presented here for the flux increase (plasma kinetic insta-
bilities are neglected), is given by B′0.1 = B′/0.1 mG and
Cr,3 = Cr/(1, 000 km/s). We note that Eq. 6 is equiv-
alent to Eq. 6 in Ref [[5]] with B′0.1 = B0.1(t) = const.
For the current speed Cr,3 = 6, 5, in region W3 we esti-
mate k0 = 4.7 from Eq. 3 in Ref [[5]]; for B
′
0.1 = 2.5,
Eq. 6 provides at present tacc ∼ 42 years, significantly
greater than tcool ∼ 4 years. A cooling faster than the
acceleration is consistent with the observed flux decrease.
More sophisticated models for the diffusion coefficient
(e.g., [24], [25] will not substantially change this quali-
tative argument (see next Section).
We emphasize that tcool(t) is time-variable unlike what
is customarily assumed: it shortens as B0.1(t) increases
(see Eq. 5). Here B0.1(t) is the downstream field, ampli-
fied after the shock crossing, as described in Eq. 1. Thus,
in the early phase of the Chandra observations (∼ 2000)
or earlier, tcool was much greater: from Eq. 5, keV = 5
at B0.1 = 1 yields tcool = 25 yr, comparable to τ
∗. On
4the other hand, electrons need time to be accelerated up
to the TeV before cooling on the tcool scale. As a result,
an early-on cooling will not affect the electrons spectrum.
Discussion - We have presented the first quantitative
theoretical model based on ideal MHD and small-scale
dynamo downstream of shocks to explain the X-ray flux
increase at a Cassiopeia A inward shock. We have pro-
vided an argument based on the ratio of cooling and ac-
celeration times in support of the observed flux decrease.
It is natural to inquire whether tcool exceeds tacc during
the flux increase, as one could expect. By using the val-
ues observed/inferred (r = 3.8, keV = 5, Cr,3 = 6.5 and
k0 = 4.7) and determined from our best-fit of the flux
increase (B0(0.1) = 2.5), the ratio of Eq. 6 to Eq.5 leads
to tacc/tcool > 1 also prior to 2009, at odds with expecta-
tions. This should not be surprising as current values of
observables are used that can lead to a significant over-
estimate of tacc in the flux increase phase, as discussed
below.
The use of tacc/tcool as criterion to determine the flux
variability requires further discussion. The determina-
tion of tacc is very sensitive to k0 ∝ C2r/Eγ,cut,keV, where
Eγ,cut,keV is the electron cut-off energy (see Eq. 3 in
Ref. [[5]] or Eq. 5 in Ref.[[4]]). However, the uncer-
tainty on Eγ,cut,keV alone, dominated by the coarse spa-
tial resolution of NuSTAR, seems insufficient to justify
the large ratio tacc/tcool. Grefenstette et al. [26] reports
Eγ,cut,keV ' 1.3 keV (or Eγ,cut,keV ' 2.3 keV) for the
reverse (or forward) shock region whereas an unlikely
larger value (Eγ,cut,keV ' 10 keV), with other parame-
ters unchanged, would be required to satisfy the condi-
tion tacc/tcool < 1.
Speculative arguments to justify tacc/tcool > 1 dur-
ing the flux increase involve also a temporal variation of
the fitting parameters that have been assumed constant
throughout this work and in Ref. [[5]]. For instance,
the shock speed Cr in the acceleration region likely de-
creased during the collision with the overdensity. At con-
stant k0, the relation k0 ∝ C2r/Eγ,cut,keV implies that
a greater Cr would reduce tacc (Eq. 6), with tcool un-
changed, only by requiring a greater Eγ,cut,keV. On the
other hand, k0 might vary in time due to the growth of
the magnetic turbulence and approach unity from above
(below) for a quasi-parallel (quasi-perpendicular) mag-
netic topology[22]. So far we have considered values of
k0 > 1. However, an intrinsic value k0 < 1 or k0  1 in
a region magnetically connected with the Chandra non-
thermal bright inward shock could also lead to a produc-
tion of TeV electrons that would migrate a short distance
before cooling by synchrotron radiation; such a k0  1
would also enable a tacc < tcool. At present we cannot
disprove either magnetic topology. Thus, the observa-
tional uncertainties cannot rule out tacc/tcool < 1 during
the flux increase.
The flux decrease could have a different origin: the
damping of the turbulent B-field downstream of the in-
ward shock, e.g., due to non-linear wave interactions[27],
instead of energy losses of radiating electrons. The re-
sulting flux decrease is expected to be achromatic from
the radio to the hard X-ray spectrum. We will investi-
gate such effect in a forthcoming work. Another possible
origin of the flux decrease is that the overdensity begins
to disrupt at the νF
[4.2−6] keV
ν peak, as τ∗ ∼ `F /Cr is
not negligible as compared to the shock crossing time
∼ Rc/Cr. This effect will be accounted for in future nu-
merical simulations.
We note that two alternative scenarios for the inward
shock location are suggested by Sato et al. [5] to explain
the non-thermal emission, i.e., propagation through the
unshocked ejecta or through the shocked layer with ion
temperature ∼ 46 keV, out of equilibrium with electrons.
In both scenarios Eq. 1 would result in tacc/tcool < 1
throughout, at odds with the flux decrease. Moreover,
in the latter scenario, the best-fit parameters are con-
sistent with those in the case of ion/electron equilib-
rium at ∼ 2 keV: Rc = (1.21 ± 0.19) × 1018cm, `F =
(7.30±0.72)×1017cm. However, the smaller compression
(r ∼ 2.1) would steepen the electron spectrum (p ∼ 4)
making it unlikely to accelerate up to ∼ 10 TeV to pro-
duce the observed X-rays. The former scenario would
require the presence of a second molecular cloud in the
unshocked ejecta, beside the outer cloud that generates
the inward shock. The 12CO maps from the Heinrich
Hertz Submillimeter Telescope [5] with velocity ' −40
km/s, reveal molecular clouds overlapping, in projection,
to the innermost parts of the remnant, within the puta-
tive position of the reverse shock. In this case the relative
speed of the inward shock colliding with the second cloud
in region W3 would be Cr ' 3, 500 km/s (see Ref [[5]],
table 3). A value `F ' 3× 1017 cm, with unchanged Rc,
would still lead to τ∗ ' `F /Cr ' 29 yrs. However, obser-
vations do not allow to clearly single out such a molecular
cloud; thus, we do not consider such a scenario.
Conclusion - We have shown that the X-ray flux in-
crease between years 2000 and 2009 in a small region
in the west limb of Cassiopeia A can trace the enhance-
ment of the magnetic field due to vortical amplification as
formerly proposed. The scaling of the saturation value
B/B0 with the Alfve´n Mach number in the upstream
fluid MA = Cr/vA is simply given[7] by B/B0 ∼ MA.
The low speed of the inward shock in the hot ejecta and
the high value of B0 jointly lead to a relatively low MA,
i.e., MA ' 3.8 for a reasonable value of thermal proton
density n (n = 0.1 cm−3 leads to vA = 1, 700 km/s); thus,
only a modest field amplification can be observed. Val-
ues of the diffusion coefficient departing from the Bohm
limit, that indicate relatively weak turbulence around the
shock, are also consistent with the inferred modest field
amplification. We have provided a qualitative argument
but not a firm theoretical model for the flux decrease be-
tween years 2009 and 2014. Further analysis is warranted
and high-resolution follow-up monitoring of the region
5W3 is encouraged. This work demonstrates for the first
time that the unfolding of a dynamo process formerly
theoretically identified can be not only investigated in
laboratory plasma astrophysics but also observed in as-
trophysical systems.
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